Durations and propagation patterns of ice sheet instability events  by Kleman, Johan & Applegate, Patrick J.
lable at ScienceDirect
Quaternary Science Reviews 92 (2014) 32e39Contents lists avaiQuaternary Science Reviews
journal homepage: www.elsevier .com/locate/quascirevDurations and propagation patterns of ice sheet instability events
Johan Kleman a,*, Patrick J. Applegate b
aBolin Centre for Climate Research, Department of Physical Geography and Quaternary Geology, Stockholm University, Sweden
b Earth and Environmental Sciences Institute, Pennsylvania State University, USAa r t i c l e i n f o
Article history:
Received 24 February 2013
Received in revised form
12 July 2013
Accepted 23 July 2013
Available online 16 August 2013
Keywords:
Ice-sheet
Collapse
Instability
Ice stream
West Antarctica* Corresponding author.
E-mail address: johan.kleman@natgeo.su.se (J. Kle
0277-3791  2013 The Authors. Published by Elsevie
http://dx.doi.org/10.1016/j.quascirev.2013.07.030a b s t r a c t
Continued atmospheric and ocean warming places parts of the West Antarctic Ice Sheet at risk for
collapse through accelerated ice ﬂow and grounding line retreat over reversed bed slopes. However,
understanding of the speed and duration of ice sheet instability events remains incomplete, limiting our
ability to include these events in sea level rise projections. Here, we use a ﬁrst-order, empirical approach,
exploring past instability events in the Fennoscandian (FIS) and Laurentide (LIS) ice sheets to establish a
relationship between catchment size and the duration of instability events. We also examine how in-
stabilities propagate through ice sheet catchments, and how this propagation is controlled by topography
and existing ﬂow organisation at the onset of an event. We ﬁnd that the fastest documented paleo-
collapses involved streaming or surging in corridors that are wide compared to their length, and in
which fast ﬂow did not resume after the event. Distributed ice stream networks, in which narrow ice
streams were intertwined with slow-ﬂow interstream ridges, are not represented among the fastest
documented events. For the FIS and LIS, there is geological evidence for instability events covering areas
of w100,000 km2, with durations between 100 and 300 yr. Comparison of the spatial patterns and
topographic contexts of Lateglacial collapse events in former Northern Hemisphere ice sheets and the
current WAIS suggest that only a minor part of the WAIS area may be at risk for unimpeded collapse, and
that negative feedbacks will likely slow or halt ice drawdown in remaining areas. The Pine Island Glacier
(PIG) and Thwaites Glacier (TG) catchments in West Antarctica are likely to respond in very different
ways to possible further grounding line retreat. The PIG may experience a minor collapse over its main
trunk, but the bed topography favours a less dramatic retreat thereafter. The TG is probably not as close
to a threshold as PIG, but once efﬁcient drainage has progressed inwards to reach the Bentley Subglacial
Basin (BSB) and Bentley Subglacial Trench (BST), a full collapse of the area may occur. The likely time
perspective for a BSBeBST collapse is the time required for 100e200 km of grounding line retreat in the
TG system plus 100e300 years for an actual collapse event.
 2013 The Authors. Published by Elsevier Ltd. Open access under CC BY-NC-ND license.1. Introduction
Ice sheets have long been viewed as sluggish components of
the climate system, but it is now clear that they can display
extremely dynamic and nonlinear behaviour, particularly during
periods of climate warming (Denton et al., 2010). The prime
controls of this dynamic behaviour are subglacial topography,
subglacial materials and en- and subglacial hydrology. Rapid ice
retreat or collapses are favoured where retreat is down reversed
slopes, because ice bed traction decreases and calving increasesman).
r Ltd. Open access under CC BY-NC-Nnon-linearly with grounding-line depth (Hughes, 1981). Similarly,
easily-deformed bed materials, and the presence of pressurized,
distributed water at the bed of the ice sheet, may promote rapid
ice drainage.
The duration of large-magnitude collapse events of the type
envisaged for West Antarctica (Mercer, 1978; Vaughan, 2008;
Joughin and Alley, 2011) remains poorly constrained, despite the
great possible importance of these events for future sea level rise.
The vulnerable parts of West Antarctica make up 3.3 m of sea level
equivalent (Bamber et al., 2009), but it is unclear how quickly this
ice would be delivered to the ocean if a collapse were triggered in
the future. The main impediments to estimating the time scale of
possible future instability events are our still-limited understand-
ing and poor model representation of basal interface processes, and
the difﬁculties in credibly merging numerical models for sheet
ﬂow, stream ﬂow and shelf ﬂow across the junctions (KirchnerD license.
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physically-based calving models (Nick et al., 2010), but the con-
trasting behaviour of different models strongly restricts their pre-
dictive potential.
Forced instability events will in all probability initiate at the ice
margin, through ice loss caused by surface melting or melting un-
der ice shelves (e.g., Walker et al., 2009). The current rapid mass
loss of the Pine Island and Thwaites Glacier systems (Joughin and
Alley, 2011; Park et al., 2013) can be regarded as forced ice-
margin disturbances. Such a disturbance will propagate up-ice
(Price et al., 2008), ﬁnally at a decelerating rate. Because no large-
scale instability event has ever been directly observed, solid glaci-
ological data are lacking. The dynamics of such events must be
inferred from landforms and sediments and from numerical
modelling experiments.
Here, we analyze past collapse events and glacier surges to
establish an empirical relationship between catchment size and
instability event duration, and proceed to an analysis of the spatial
propagation patterns of fast events in the geologic record. This
serves as the empirical basis for a discussion on the likely future
chain of events in those parts of the West Antarctic Ice Sheet
thought to be most vulnerable to collapse.
2. Deﬁnitions, controls, and scale considerations
There is considerable uncertainty about the precise dynamics of
paleo-events and their assignments into distinct types. Individual
groups of landforms have been variously labelled as surges, col-
lapses, ice streams or surging ice streams, and the distinctions
between the categories are unclear. Here, we treat these behaviours
as a broad class of instability events characterized by rapid in-
creases in ﬂow velocity and mass transfer (Fig. 1). During both
surges and collapses, ﬂow speeds rapidly increase, resulting in an
atypically large transfer of mass (Dowdeswell et al., 1991) from
interior regions towards ablating or calving margins. Increases in
basal temperatures (Kleman and Glasser, 2007), water pressures,
and sliding (Dowdeswell et al., 1991; Murray and Porter, 2001)
likely cause the enhanced ﬂow, although the relative roles of these
factors may differ. A collapse is the end result of prolonged and
unsustainably high mass discharge. The term collapse thus has no
unique “process” meaning; a collapse is the end result of a chain of
events.
Efﬁcient drainage of ice from ice sheet sectors on scales 105e
106 km2 appears to require the development of ice stream networksFig. 1. Conceptual temporal (a) and spatial (b) frameworks for instability events. An instabilit
a quiescent stage, or alternatively, undergoes a collapse. Whether the system follows the “c
those prevailing during the initial phase.(De Angelis and Kleman, 2005; Kleman and Glasser, 2007; Stokes
and Tarasov, 2010). Such networks of discrete ice stream corri-
dors begin to form in topographically favourable locations at or
near the grounding line, growing inland. The development of these
networks is achieved through headward propagation of ice
streams, with the rate-controlling process likely being the speed
with which shear zones can develop and lengthen in the up-ice
direction (Bennett, 2003). The speed of shear margin formation is
controlled by the development of ﬂow-oriented weak ice fabrics, as
a function of strain rate and available time. This is an initial and
rate-controlling development, regardless of whether the system
surges (and enters a quiescent phase) or proceeds with a high
discharge rate and undergoes a full-blown collapse. We expect
event duration to have a relationship to scale, i.e. the distance over
which this process has to extend up-ice to efﬁciently evacuate ice
from a catchment.
2.1. Topography and spatial organisation of ﬂow
Flow in valley glaciers is already channelized, whereas in ice
sheets streaming can only occur after development of easily-
deformed shear zones that bound ice streams. As we move up to
ice cap and ice sheet scales, complexity of bed topography, which is
a strong control on ﬂow organisation, rises. From the Canadian
Arctic, and many continental shelf areas (De Angelis and Kleman,
2005; Ottesen et al., 2005; Stokes et al., 2005), there is evidence
that modest relative relief, on the order of 200e400 m, strongly
controls the pattern of ice streaming and the development of ice
stream networks. During the last deglaciation, fast recession
occurred in deep marine troughs, with ice remaining on adjacent
islands or shallow marine areas (Dyke et al., 2003). Hence, a varied
relief is conducive to binary division of ﬂow regime into ice streams
and inter-stream ridges and also provides anchor points for resid-
ual ice after deglaciation (Kleman and Glasser, 2007). It is
conceivable that rapid deglaciation of very wide and deep subgla-
cial depressions (“marine ice sheet” situations) could occur with no
or immature development of a distributed ice stream network.
Hence we distinguish between two end members of ﬂow organi-
sation involving instability. These end members are here termed
“distributed ﬂow” and “singular instability events.”
Most, but not all, documented ancient instability events are
associated with marine- or lacustrine-terminating margins. In
particular, reverse bed slopes likely lead to unstable behaviour
(Vaughan, 2008; Ross et al., 2012). This view is, to some extent,y event is a discrete pulse of high discharge, in a glacier system that thereafter goes into
ollapse” path, or the “quiescence” path is governed by a set of controls different from
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on reverse bed slopes (Jamieson et al., 2012), and theoretical
analysis of the stabilizing effect of local isostatically-induced sea
level effects (Gomez et al., 2010).
The current Siple Coast ice stream network (Bennett, 2003;
Hulbe and Fahnestock, 2007) and the paleo-ice stream network
in the NWCanadian Arctic (Stokes et al., 2005; Kleman and Glasser,
2007) both comprise networks of long, narrow ice streams, and can
be considered typical of distributed ﬂow (Fig. 2). In such a system,
the individual ice streams may display unstable behaviour (Hulbe
and Fahnestock, 2007), but propagation of fast ﬂow is mainly in
the up-ice direction. The lateral impact of instability is a drawdown
of ice towards the accelerating ice stream. The effect of such ice
piracy on adjacent ice streams is to slow or shut down fast ﬂow.
Hence, it is difﬁcult to envisage a mechanism other than strong
external forcing that could cause simultaneous and catastrophic
instability over the full area of a distributed ice stream system.
There is some geological evidence for what we term singular
instability events, such as the Bothnian Gulf and Dubawnt events in
the former Laurentide and Scandinavian ice sheets, respectively
(Fig. 3). The characteristics of such events are that they form single,
very wide ice streams during the events, and that fast ﬂow was not
reactivated at any later time, suggesting that the ice sheet sector did
not recover after the event. Neither of these two archetypal cases
were part of a distributed ice stream system. We regard it as highly
probable that this type of ﬂow organisation is the one with the
potential for the highest inward propagation speeds and the
highest peak discharges. A dendritic ice stream system may be
intermediate between a fully distributed system and the very wide,
singular type in terms of instability propagation. In a dendritic
system, an instability can rapidly move up-ice into tributaries, but
this splitting will ultimately slow the event down. We therefore
speculate that in terms of risk for collapse, i.e. major and rapid ice
evacuation, there is a hierarchy governed by the spatial layout of
drainage, with a fully distributed system being the least likely to
undergo wholesale collapses, dendritic systems occupying an in-
termediate position, and situations favouring singular events of
great width representing the highest risk.
2.1.1. Geological control
The presence of deformable ﬁne-grained substrata and high
subglacial water pressures, which reduce bed traction, are generallyFig. 2. The distributed ice stream system in the NW Canadian Arctic. Blue is major ice stream
Amundsen Gulf Ice Stream; C, M’Clure-M’Clintock ice stream; D, Gulf of Boothia Ice Stream.
of ice in inter-island channels. Grey areas mark approximate location of inter-stream ridgeseen as conducive to high ﬂow velocities because a larger fraction of
ﬂow will occur through sliding and subglacial sediment deforma-
tion, as opposed to slower ice deformation (Clark, 1995; Boulton,
2010). It should be noted, however, that several ice streams, some
of which may have been collapse events, occurred in areas with
coarse-grained sandy tills and exposed bedrock, somewhat
undermining the arguments for strong geological control on ice
streaming. Examples of such hard-bedded ice streams are the
Dubawnt, Ungava and central Finnish ice streams (Kleman et al.,
1997; Jansson et al., 2003; Stokes and Clark, 2004).
2.2. Climate
The paleo-collapses we consider occurred during periods of
strong warming, in ice sheets that were far from equilibrium, and
with massive surface melting in the marginal zone. Supraglacial
meltwater may have reached the bed in amounts that have no
equivalent in present-day ice sheets. During the last termination,
rapid sea level rise and delayed isostatic response of the beds
destabilized marine sectors of the Laurentide and Eurasian
(Barents-Kara) ice sheets (Denton et al., 2010; Carlson and Winsor,
2012). With continued global warming, climatic conditions com-
parable to those prevailing in the Fennoscandian and Laurentide
areas during the last deglaciation may be reached in Greenland but
appear unrealistic in West Antarctica.
3. Evidence for past instability events
The dynamics of surges in valley glaciers, i.e. rock-walled gla-
ciers of small size (<103 km2) has been studied in real time and are
reasonably well understood (Shugar et al., 2010; Sund and Eiken,
2010). Variations in subglacial water pressures are an important
control, and the speed of pulse propagation is rapid, with most
surges taking 1e4 years from onset of fast-ﬂow conditions to
quiescence (Dowdeswell et al., 1991). However, the active surge
phasemay last up to 40 years for certain high arctic glaciers, such as
the Good Friday Bay Glacier on Axel Heiberg Island (Copland et al.,
2003).
At a scale larger than individual valley glaciers, surges have
occurred repeatedly in the predominantly cold-based Barnes Ice
Cap (Holdsworth, 1977). The duration of these events are unknown,
but it is clear that they occurred independently of each other ins terminating approximately at the LGM margin. A, Mackenzie Ice Stream corridor; B,
Red lines indicate minor ice streams that developed as a response to collapse or retreat
s. Modiﬁed after Kleman et al. (2006).
Fig. 3. a) Location map. b) The Dubawnt Lake surge in northern Canada (Kleman and Borgström, 1996; Stokes and Clark, 2004). c) The Bothnian Gulf collapse (Strömberg, 1989;
Lundqvist, 2007) in Scandinavia. The dashed line indicates the extent of the limestone outcrop that gave rise to a Heinrich layer-like “spot zone” in sediment cores and lacustrine
sediments around the Baltic; see text for discussion.
J. Kleman, P.J. Applegate / Quaternary Science Reviews 92 (2014) 32e39 35wide, singular corridors, with most of the ice (w85%) remaining in
the catchment after each surge.
A large number of paleo-ice streams have been identiﬁed in the
Laurentide and Fennoscandian ice sheet areas (Kleman et al., 1997;
Clark and Stokes, 2003; Ottesen et al., 2005; Stokes et al., 2005;
Kleman and Glasser, 2007; Stokes and Tarasov, 2010). Most of
these ice streams were likely not associated with instability events,
but instead represent quasi-steady state ﬂow, like many of the
topographically-guided ice streams in Antarctica today. However,
for some of these ice streams, their placement in regional deglacial
event chains strongly indicates that they were short-lived, onetime
events, and that fast ice ﬂow did not resume in the same ﬂow
corridor afterwards. Hence, they seem to be associated with local/
regional collapses in those ice sheets. Although there is a fair un-
derstanding of the approximate age for many of these ice streams
(Stokes and Tarasov, 2010), the duration of fast ﬂow is in most cases
poorly constrained.
Two well-documented large-scale instability events are the
Bothnian Gulf collapse of the Fennoscandian Ice Sheet, and the
Dubawnt event in the Laurentide Ice Sheet west of Hudson Bay
(Fig. 3). The Bothnian Gulf collapse (Strömberg, 1989; Lundqvist,
2007) occurred at around 10.7 cal ka BP during rapid recession of
the southeastern margin of the Fennoscandian Ice Sheet. The
margin of the collapsing sector was located in the Baltic depression,
with likely water depths of 400e600 m. The relative relief of the
affected area is modest, with no signiﬁcant pinning points. The
duration estimate is based on accurate varve dating (Strömberg,
1989) of a discrete zone of ice-rafted limestone fragments (the
“spot zone”) in glaciolacustrine sediments; the deposition of these
fragments encompassed 90e110 yr, indicating rapid ﬂow and
erosion during this interval. The erosion of the submarine source
outcrop for the limestone during this time interval has beenattributed to conversion from a frozen to a thawed bed and rapid
surging in the Bothnian Bay (Strömberg, 1989). Accurate varve
dating of ice sheet outlines suggests a duration of approximately
200 years for the entire event. We thus consider 100e200 years to
be a realistic range for the duration of this instability event.
The Dubawnt event has been identiﬁed from a bottleneck-
shaped system of mega-scale lineations (Kleman and Borgström,
1996; Stokes and Clark, 2004) created by a surge or short-lived
ice stream in the shrinking western sector of the Laurentide Ice
Sheet at around 9.5e9.0 cal yr BP (Fig. 2). The affected area has low
relief. The area is distinct from most other ice streams in the Ca-
nadian Arctic by being wide in relation to the length of the ice
stream, indicating plug-type ﬂow. The traces are entirely terrestrial
today, but a proglacial lake may have been important for triggering
fast ﬂow in this sector (Stokes and Clark, 2004). According to the
existing deglaciation chronology (Dyke et al., 2003), the event
occurred between 9.5 cal ka BP, when the ice marginwas still distal
of the end moraine/esker complex that marks the lobe resulting
from the surge, and 9.0 cal ka BP, when post-surge retreat had
already caused deglaciation of the distal part of the surge-affected
area. Unfortunately, there are no solid constraints on the minimum
duration. Within the 500-year period, some time has to be allowed
for pre-surge retreat, and some time for post-surge deglaciation to
the 9.0 ka isochron. We regard 200e300 years as the likely dura-
tion, but emphasize that the minimum duration is not solidly
constrained.
The largest inferred instability events are the partial collapses of
the Laurentide Ice Sheet through Hudson Strait, generally seen as
the causative factor for the Heinrich events (MacAyeal, 1993;
Hemming, 2004). The spatial pattern of rapid ﬂow, and the extent
to which ice stream tributaries contributed discharge, is essentially
unknown for all the Heinrich events. The estimated catchment area
Table 1
Source data on duration estimates for past ice-sheet instability events.
Name Duration Approx. catchment
size in km2
Reference for
duration estimate
1 Bothnian
Gulf
100e200 yrs 80,000 Strömberg, 1989;
Lundqvist, 2007
2 Heinrich 1 208e1640 yrs 1  106e2  106 Hemming, 2004;
MacAyeal, 1993;
Matsumoto, 1997
Heinrich 1, 2 495  255 yrs 1  106e2  106 Hemming, 2004,b
3 Dubawnta <300 yrs 100,000 Kleman and
Borgström, 1996;
Stokes et al., 2009
4 FS-76 <300 yrs 10,000 Stokes et al., 2009
5 M’Clintock <350 yrs 300,000 Stokes et al., 2009
6 Baelthav <1000 yrs 200,000 Kjaer et al., 2003
7 Gold Cove <300 yrs 200,000 Kaufman et al., 1993
a Revised duration analysis in this work.
b Hemming (2004) selection of most reliable dates.
J. Kleman, P.J. Applegate / Quaternary Science Reviews 92 (2014) 32e3936is between 1*106 and 2*106 km2 (MacAyeal, 1993; Matsumoto,
1997). Duration estimates for Heinrich events H1 and H2 range
up to 1640 years, but the higher values likely result from bio-
turbation (Hemming, 2004). For the best-understood and -dated
events, H1 and H2, Hemming (2004) suggests durations of
495  255 years. It is doubtful that these estimates reﬂect the full
durations of the instability events, because any ungrounding of the
ice from the bed, or retreat of the ice margin up-ice of it, wouldFig. 4. Relationship between catchment area and instability event duration. Data is from T
glaciers (Dowdeswell et al., 1991). For Heinrich events (a) indicates the shortest duration
reliably-dated Heinrich events H1 and H2, based on seven duration estimates (Hemming
currently exists. The size of West Antarctic catchments interpreted to be at risk for instability
references to colour in this ﬁgure legend, the reader is referred to the web version of thishave led to cessation of entrainment and IRD production. In line
with the Bothnian event, we suggest that the actual event duration
of the Heinrich events may be longer than indicated by the IRD
data, and hence, that approximately 200 years should be regarded
as a minimum duration.
4. Scaleeduration relationship
Table 1 lists the known paleo-events we consider to reﬂect
instability events.
Criteria for inclusion in Table 1 were: indications that streaming
ﬂow did not resume with the same ﬂow pattern in the same zone
after the event; a likely source area larger than 104 km2; and an
estimated duration of less than 1000 years.
In Fig. 4, we have plotted the durations and estimated catch-
ment areas from Table 1. Because we focus on minimum durations,
we have cut the maximum extent of the y-axis at 1000 years. For
some events, bracketing ages of several thousand years exist, but
the relation of such widely separated bracketing ages to real event
duration is unclear, and they provide little useful information for
deﬁning minimum durations of a given collapse size. They key in-
formation in Fig. 4 is that there is considerable evidence for collapse
events lasting less than 300 years, but there is no positive evidence
for collapses having occurred faster than indicated by the solid red
line. Hence, the grey area represents an “uncharted” domain of
large-magnitude, short-duration events, i.e., the type of events that
represent high risk from a sea level perspective. We are not awareable 1. Rectangle marked “Surges in valley glaciers” indicates the range for 45 surging
estimates for Heinrich event 1, and (b) indicates the range of estimates for the most
, 2004). Solid red line indicates the shortest durations for which geological evidence
events (Joughin and Alley, 2011) is marked below the x-axis. (For interpretation of the
article.)
Fig. 5. The vulnerable central part of West Antarctica. Yellow lines delineate subglacial
basins that lack clear pinning points. Black stippled line shows approximate position of
grounding line. White, stippled line shows 100 m/yr velocity contour from Joughin
et al. (2009). Red lines show existing ice streams in the PIG and TG catchments. Ba-
sins A, B, C and D are discussed in text. Flow organisation in the PIG and TG catchments
is of differing maturity. A strongly topographically guided dendritic system of ice
stream tributaries and inter-stream ridges has already developed in the PIG depres-
sion. After a collapse in the central trunk, subsequent retreat of the individual tribu-
taries would occur over a shallowing bed. The TG system is more immature, with only
a very weak development of ice stream tributaries. Grounding line retreat (black ar-
row) into the distal part of Bentley Subglacial Basin (BSB) could potentially trigger a
plug-type collapse in BSB and Bentley Subglacial Trench. Bathymetry after Arndt et al.
(2013).
J. Kleman, P.J. Applegate / Quaternary Science Reviews 92 (2014) 32e39 37of any data indicating that such events have occurred in the past,
but cannot entirely exclude the possibility of such serious collapse
events happening in the future.
However, Fig. 4 suggests there is some predictive potential in
the size of the catchment. At the small end of the scale spectrum,
instability eventsmay last less than a year; for the best documented
intermediate-scale event (Bothnian Gulf) the duration was 100e
200 years; and at the largest scale, the Heinrich events’ minimum
durations hover around 200 years.
In summary, the weight of geological evidence suggests that the
fastest instability events occur over low-relief terrain, typically (but
not always) where the bed is deep. The width of the low-relief area
appears important for the possibility of wide singular collapse
events. Signiﬁcant relief is conducive to ﬂow organisation into ice
streams and inter-stream ridges; that is, distributed systems that
are less prone to complete collapse. For a collapse over a region of
approximately 100,000 km2, the best duration bracket is provided
by the terrestrial Dubawnt event, which probably lasted less than
300 years, and the 100-year minimum duration of the marine
Bothnian Gulf event.
5. Implications for the West Antarctic Ice Sheet
Next, we discuss the inferences that can be made from past
collapses in the Northern Hemisphere ice sheets and apply these to
the present WAIS. We focus on the spatial pattern and speed with
which aWAIS instability would likely proceed. We initially focus on
spatial patterns, because the speed of development is likely to be
inﬂuenced both by the existing ice stream pattern, and the pattern
withwhich instability events are likely to proceed into the core area
of the ice sheet.
Two important controls are the bed topography and the existing
ﬂow organisation (Fig. 5) at the onset of a major instability event.
The two major drainages occupying the central portion of the WAIS
are the Pine Island Glacier (PIG) and Thwaites Glacier (TG) ice
stream systems (Joughin et al., 2009). Both are undergoing accel-
eration, mass loss, and grounding line retreat today (Joughin and
Alley, 2011). The Bentley Subglacial Trench (BST) and part of the
Byrd Subglacial Basin (BSB) (Fig. 5) form the largest coherent deep-
bed area in West Antarctica. In Fig. 5, Basin A is part of established
drainage to the Ronne-Filchner sector, basins B and C are today
reached by tributaries to the TG, and Basin D is over 2 km deep and
located right under the present WAIS divide. Any collapse in this
interior region must be preceded by a full deglaciation of the Siple
coast sector, or alternatively, follow collapses of the BSB-BST or
basin C. We here focus on what we consider to be the more im-
mediate collapse risks in the WAIS, associated with the possible
inland extensions of the PIG and TG systems.
Pine Island Glacier occupies a deep trough and has ﬁve well-
deﬁned ice stream tributaries. Four of these tributaries are clearly
topographically controlled, with intervening slow-ﬂow ridges
anchored on higher portions of the bed. We regard this dendritic
system as a well-developed or mature ice stream organisation. It is
possible that rapid and possibly catastrophic retreat can occur in
the main trough, but any further retreat of the PIG systemwill have
to occur with a successive shallowing of grounding lines, and
hence, can be expected to slow down.
The layout of the Thwaites Glacier drainage is radically different
from that of PIG. A major ice stream only exists over a relatively
short distance inland, with immature tributary development. The
grounding line region of TG is less laterally constricted than the PIG,
as indicated by the fact that >100 m/yr velocity ﬁeld is approxi-
mately ﬁve times wider than for the PIG. No well-developed trib-
utary currently taps into the BSB and BST. The BSB and BST
represent the largest coherent area of very deep bed in the WAIS.Between the current TG grounding line region and the BSB, the bed
slope is reversed, and high-relief pinning points are few. Hence,
continued grounding line retreat of the TGmight lead to a situation
where a very wide ice stream could potentially reach the BSB, and
ultimately the BST. Despite the fact that the BST and part of the BSB
today drain ice through the PIG system, we regard it as more likely
that major collapses in BST and BSB would be associated with in-
ward propagation of the Thwaites Glacier system. The BSB/BST and
basin C (Fig. 5) cover an area of approximately 100,000 km2 and
thus are comparable in size to the areas affected by the Dubawnt
and Bothnian Gulf events. Two important factors are, however,
signiﬁcantly different from these paleo-collapses. The ﬁrst is that a
central WAIS collapse would occur under conditions of no or
minimal surface melting, in contrast to the paleo-collapses which
occurred with strong surface melting that probably contributed to
bed lubrication.
A BSB/BST collapse would, on the other hand, occur over a far
deeper bed than the paleo-collapses. How these two competing
factors would inﬂuence propagation speed and duration of a
collapse event can only be resolved through numerical modelling,
but we think that until the relevant physical processes have been
described and implemented in improved models, the duration
bracket 100e300 years for singular paleo-events of this size may
serve as a guide.
In our view, the inherent topographical complexity of West
Antarctica makes unimpeded, rapid headward propagation of a
collapse event over the entire marine portion of the WAIS unlikely.
Although currently undergoing similar changes, the PIG and TG
systemsmay undergo very different evolutions in the near future. A
J. Kleman, P.J. Applegate / Quaternary Science Reviews 92 (2014) 32e3938limited collapse in the main PIG trunk may occur, but this mass loss
will likely lead to an orderly retreat over a shallowing bed. Slow-
ﬂow interstream ridges would develop as a direct consequence of
the evolution of a network of channelized (ice stream) ﬂow, and
thinning of ice and steepening of the englacial thermal gradient
would stabilize frozen-bed conditions on local highpoints. Such
ridges are already an integral part of the PIG system. The conse-
quences are twofold; the local anchoring on highpoints would slow
the progress of an instability event, and may also lead to a large
fraction of ice remaining in the catchment at the close of an
instability event. The TG system, on the other hand, may undergo a
full collapse once the grounding line has retreated into the BSB, but
for such a development to start, the grounding line has to initially
retreat over a much longer distance than in the PIG drainage.6. Conclusions
- there is a relationship between instability event duration and
the size of the affected area
- on the theoretical grounds, there is a risk hierarchy for large-
magnitude instability events, governed by ﬂow organisation.
Situations where topography allows the development of very
wide streams pose the highest risk, whereas fully distributed
ice stream networks are unlikely to undergo fast collapses.
- for the FIS and LIS ice sheets, there is substantial geological
evidence for large-magnitude instability events with durations
in the 100e300 year bracket.
- the large-magnitude paleo-events with the shortest durations
are generally not associated with distributed ice stream net-
works, but instead occurred as singular and very wide ﬂow
events, with little or no evidence of repeated surging in the
same corridor.
- the fastest paleo-events occurred in low-relief areas with few
pronounced pinning points.
- the Pine Island Glacier and Thwaites Glacier catchments in
West Antarctica are likely to respond in very different ways to
possible further grounding line retreat. The PIG may experi-
ence a minor collapse over its main trunk, but the bed topog-
raphy favours a less dramatic retreat thereafter. The TG is
probably less close to a threshold, because of the 100e200 km
grounding line retreat necessary before an unimpeded collapse
can occur, but once efﬁcient drainage has progressed inwards
to reach the BSB, a full collapse of the area may occur.
- the time perspective for a BSB/BST collapse is the time required
for 100e200 km grounding line retreat in the TG
system plus 100e300 years for an actual collapse event.Acknowledgements
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